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SUMMARY 
Chromium a l l o y s  which represent  s eve ra l  s epa ra t e  approaches are being pre- 
pared by induct ion  melting of moderate s i z e d  hea t s  and by a r c  melting of small 
bu t tons  and drop  c a s t i n g s .  Gross oxygen contamination which occurred i n  t h e  
f i r s t  group of induction-melted a l loys  has been cor rec ted  by r e v i s i o n s  i n  t h e  
conso l ida t ion  technique, and a l l o y s  with t o t a l  gaseous impurity l e v e l s  below 
150 ppm are c u r r e n t l y  being produced by induct ion  melting. 
Cold workab i l i t y  w a s  demonstrated i n  c h i l l  cast  a l l o y s  i n  t h e  Cr-Re-Co 
and Cr-Ru-Co s y s t e m s  a t  R e  and Ru l e v e l s  a s  low a s  11 and 8.5 atomic pe rcen t ,  
r e s p e c t i v e l y .  D i l u t e  a l l o y s  of Cr-Y with d i spe r s ions  of ZrC and HfC exh ib i t ed  
bend d u c t i l i t y  a t  or below room temperature and r e t a ined  d u c t i l e - b r i t t l e  t r ans -  
i t i o n  temperatures of 200' t o  400'F a f t e r  100-hour a i r  ox ida t ion  a t  2100OF. 
I n i t i a l  r e s u l t s  i nd ica t ed  t h a t  addi t ions  of La  and Pr are even more e f f e c t i v e  
than  Y i n  preventing n i t r i d a t i o n  during a i r  exposure ,' p a r t i c u l a r l y  a t  2400'F. 
INTRODUCTaI ON fixd.i 
This  is  t h e  f i r s t  semi-annual report of work performed on a 24-month 
chromium a l l o y  development program, which is  being conducted j o i n t l y  by t h e  
Mate r i a l s  Development Laboratory and the  Nuclear Mater ia l s  and Propulsion Oper- 
a t i o n  of General E lec t r ic .  The over -a l l  ob jec t ive  of t h e  program is t o  i d e n t i f y  
chromium-base a l l o y s  for app l i ca t ion  i n  c r i t i c a l  p a r t s  i n  h igh  performance a i r -  
b rea th ing  engines.  The des i r ed  p rope r t i e s  of t h e  r e s u l t a n t  a l l o y s ,  namely: 
1. 
2, Stress-rupture  strength nf 4,000 psi  a t  2400°F/3000 hours (vanes) ,  
3. 
S t ress - rupture  s t r e n g t h  of 15,000 p s i  a t  2100°F/3000 hours (b l ades ) ,  
A notch-impact t r a n s i t i o n  temperature of 80' t o  300'F as f a b r i c a t e d ;  
p r e s e n t l y  extremely challenging t a r g e t s .  Although it is  poss ib l e  t h a t  a C r  
a l l o y  wi th  any one of t hese  proper t ies  can be i d e n t i f i e d ,  i t  i s  not  considered 
l i k e l y  t h a t  t h e  s t r e n g t h  and notch-impact targets can be combined i n  a s i n g l e  
a l l o y  based on present  technology. However, s t u d i e s  over t h e  pas t  s eve ra l  
yea r s  i n d i c a t e  t h a t  add i t iona l  advances i n  C r  are h ighly  probable and should 
be pursued. With t h i s  i n  mind, t h e  present program was undertaken with t h e  
o b j e c t i v e  of extending t h e  usefu l  t ime/temperature/stress condi t ions  under which 
C r  a l l o y s  can be appl ied  i n  advanced air b r e a t h i n g  engines through a l loy ing  
approaches designed to improve s t r e n g t h ,  d u c t i l i t y ,  and n i t r i d a t i o n  r e s i s t a n c e .  
1 
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Several s i g n i f i c a n t  advances have been made i n  the  technology of C r  
a l l o y s  over t h e  past  severa l  years.  The addi t ion  of r e a c t i v e  elements such 
as yt t r ium w a s  found t o  improve the  r e s i s t a n c e  t o  n i t rogen  absorpt ion.  The 
mechanism(s) by which reactive-metal  addi t ions  improve t h e  resistance t o  
n i t r i d a t i o n  have not been completely def ined ,  but t he  e f f e c t  has been W e l l  
documented and is  reproducible.  Combinations of Y with o the r  r e a c t i v e  metal 
add i t ions  such a s  Th and Hf a r e  more e f f e c t i v e  than s i n g l e  addi t ions  i n  i m -  
proving both n i t r i d a t i o n  r e s i s t a n c e  and r e t e n t i o n  of d u c t i l i t y  a f t e r  high- 
temperature exposure. An a l loy  of Cr-Y-Th-Hf, where the  t o t a l  a l l o y  Content 
was less than 0.5 w t .  pe rcent ,  w a s  r e s i s t a n t  t o  n i t r i d a t i o n  f o r  100 hours a t  
2300'F i n  t h i n  (0.022 inch) sec t ions .  
mel t ing and t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT) i n  bending was 
I 
I 
I 
There was no evidence of i n c i p i e n t  
about 300'F i n  the  as-oxidized condi t ion.  I 
As a r e s u l t  of t he  improvement afforded by small amounts of Y ,  t h e  I 
Cr-Y system has been used as  a base f o r  s eve ra l  a l l o y  development programs. 
and permitted use of C r  of only moderate pu r i ty .  
w a s  i n  most cases  comparable t o  t h a t  produced by a r c  melting of high pu r i ty  
C r .  The melting process cons is ted  of mel t ing hydrogen-reduced e l e c t r o l y t i c  
f l a k e  i n  a Y,O,-stabilized Z r s  c r u c i b l e  i n  an i n e r t  atmosphere. Y w a s  I 
added to g e t t e r  i n t e r s t i t i a l  impur i t ies  from t h e  m e l t  and t o  provide a s l i g h t  
cost of t he  %-reduced f l a k e  is  one-fourth to  one-third the  c o s t  of crystals  
produced by t h e  iod ide  process.  
I 
I t  has made poss ib le  the  induct ion melt ing process f o r  primary consol ida t ion  I 
The r e s u l t a n t  a l l o y  pu r i ty  
excess  i n  t h e  a l l o y  f o r  subsequent ox ida t ion -n i t r ida t ion  r e s i s t a n c e .  The I 
I 
The addi t ion  of Groups V I 1  and V I 1 1  metals t o  C r  i n  some cases  r e s u l t s  
i n  a s t r i k i n g  improvement i n  low temperature d u c t i l i t y .  The Cr-65 w/o R e  
a l l o y  i s  analogous t o  W-25Re and Mo-50Re a l l o y s .  Recent ly ,  Cr-Ru a l l o y s  
and a f t e r  120-hour oxidat ion a t  2000'F. However, l i k e  R e ,  l a r g e  amounts 
(- 30%) of Ru are required t o  provide a high degree of d u c t i l i t z .  
disadvantage of Ru is a decrease i n  mel t ing point  t o  about 2900 F f o r  a 
Cr-30 Ru a l loy  compared t o  a melting point  of about 4000'F i n  Cr-65Re. 
d a t e ,  t he  only r e l a t i v e l y  inexpensive metal which when added t o  C r  i n  moder- 
a t e  amounts causes d u c t i l i t y  improvements s i m i l a r  t o  Re, is  Co. S ing le  phase 
a l l o y s  containing 25 t o  35% Co prepared by c h i l l  c a s t i n g  have exhib i ted  consider-  
ab le  p l a s t i c i t y  i n  room temperature r o l l i n g  experiments. 
were found t o  e x h i b i t  exce l l en t  d u c t i l i t y  i n  both the  r e c r y s t a l l i z e d  condi t ion  I 
A f u r t h e r  
To 
Since  the equi l ibr ium s o l u b i l i t y  of Co i n  C r  is  only about 10% a t  1800°F, 
t h e  a l loys  were supersa tura ted  i n  the  c h i l l - c a s t i n g  process.  I t  is  c l e a r  
t h a t  p r a c t i c a l  binary Cr<o a l l o y s  w i l l  not  be developed, s ince  t h e  terminal  
s o l u b i l i t y  drops r ap id ly  with temperature.  I t  is p o s s i b l e ,  however, t h a t  
s u b s t i t u t i o n  of Co f o r  pa r t  of t he  R e  (or  Ru) i n  t e rna ry  C r  base a l l o y s  could 
r e s u l t  i n  useful mater ia l s .  
The Cr-65Re a l l o y  probably r ep resen t s  t h e  bes t  combination of s t r e n g t h  
and d u c t i l i t y  in a Cr-base a l l o y  a v a i l a b l e  a t  t h e  present  t i m e .  Est imates  
based on hot hardness da t a  i n d i c a t e  t h a t  a t  2100'F t h e  u l t i m a t e  t e n s i l e  
s t r eng th  is  about 90,000 p s i  and a t  2400'F i s  about 60,000 P s i .  
2 
One of t he  most s i g n i f i c a n t  developments i n  C r  a l l o y  technology has been 
t h e  improvements i n  s t r eng th  and d u c t i l i t y  afforded by carb ide  d ispers ions .  
F ine  carb ide  d ispers ions  have been shown t o  r e s u l t  i n  increased high-temper- 
a t u r e  s t r e n g t h  while simultaneously increasing low-temperature d u c t i l i t y ,  I t  
i s  reasoned t h a t  t he  carb ide  p a r t i c l e s  a c t  a s  s inks  f o r  o the r  i n t e r s t i t i a l s ,  
p a r t i c u l a r l y  n i t rogen ,  thereby improving d u c t i l i t y .  S t r e s s  rupture  s t r eng ths  
of r ep resen ta t ive  a l loys  are shown i n  Figure 1, with unalloyed C r  d a t a  in -  
cluded f o r  comparison. Tens i l e  proper t ies  of s eve ra l  al loys a r e  compared i n  
Table 1. 
metal add i t ions  were c l e a r l y  super ior  t o  h i g h e r 4  al loys.  The normal s t r u c t u r e  
of t h i s  t y p e  of a l l o y  contained Z r C  and (Zr ,  T i )  (C,N) phases of t h e  N a C l  type.  
H e a t  treatment at 2000-2250'F dissolved non-equilibrium CraJCs present  i n  as- 
worked s t r u c t u r e s ,  and p rec ip i t a t ed  dissolved i n t e r s t i t i a l s  as (Ti ,Zr)  (C,N) 
and/or Z r N .  This removal of i n t e r s t i t i a l s  from s o l u t i o n ,  e spec ia l ly  n i t rogen ,  
produced excellent d u c t i l i t y  with DBTT values a s  low as -50'F. The low DBTT 
va lues  could be re ta ined  even when the a l loy  was contaminated by 900-1000 ppm 
oxygen + n i t rogen ,  provided t h a t  a s u f f i c i e n t  r e a c t i v e  metal concentrat ion 
was maintained t o  g e t t e r  t h e  contaminants. 
Based on ear ly  d a t a ,  t he  lower+ a l l o y s  with Z r  o r  Hf-rich r e a c t i v e  
The combination of so l id-so lu t ion  and carb ide  d i spe r s ion  mechanisms 
resulted i n  f u r t h e r  advances i n  Cr-base a l loys .  
rup tu re  p rope r t i e s  of several alloys. The add i t ion  of W t o  a carb ide  s t rengthen-  
ed a l l o y  r e su l t ed  i n  s i g n i f i c a n t  s t r eng th  increases .  The (2-207 a l loy  repre-  
s e n t s  t he  bes t  combination of s t r e n g t h ,  d u c t i l i t y ,  and oxidat ion r e s i s t a n c e  of 
any known Cr-base a l loy  except perhaps the  Cr-65 R e  a l l o y .  
has been prepared as 100-pound induction melted h e a t s  and i ts  proper t ies  have 
been ex tens ive ly  inves t iga ted .  I t  a l s o  has been success fu l ly  forged i n t o  
tu rb ine  blades.  Figure 3 shows t e n s i l e  d a t a  from the  hea t  employed i n  forging.  
Figure 2 summarizes t h e  stress 
The C-207 a l l o y  
U t i l i z i n g  the  above background as a s t a r t i n g  po in t ,  t he  present program 
w a s  undertaken t o  f u r t h e r  develop the  po ten t i a l  of Cr-base a l l o y s  f o r  use i n  
advanced a i r -brea th ing  engines.  
PROGRAM ORGAN I ZAT I ON 
The experimental program is divided i n t o  Task I and Task 11. Task I, 
which comprises t h e  f i r s t  15 months of t he  program,consists of evaluat ion of 
some 60 t o  65 a l loys  t o  be melted from charges of fou r  pounds each. Also 
included i n  Task I a r e  seve ra l  groups of a l l o y s  prepared a s  but tons of 50 
t o  100 grams. Several  of t he  four-pound hea t s  i n  the  l a t e r  phases of Task I 
w i l l  be se l ec t ed  from the  but ton a l loys  a f t e r  eva lua t ion  of t he  l a t t e r  f o r  
s p e c i f i c  p rope r t i e s ,  
Upon completion of Task I, t h e  f i v e  a l loys with the  most usefu l  com- 
b i n a t i o n  of s t r e n g t h ,  d u c t i l i t y ,  and oxidat ion r e s i s t a n c e  w i l l  be se l ec t ed  
f o r  prepara t ion  a s  approximately 14-pound hea ts .  These a l l o y s  w i l l  be 
eva lua ted  i n  much g rea t e r  d e t a i l  than in  Task I. Since Task I1 a l loy  s e l e c t i o n  
is  i n  the  f u t u r e ,  the  remainder of t h i s  r epor t  is  concerned only with Task I. 
3 
ALLOY DESIGN 
In  order t o  provide improvements i n  s t r e n g t h ,  d u c t i l i t y  and oxidation- 
n i t r i d a t i o n  r e s i s t a n c e ,  f i v e  broad c l a s s e s  of a l l o y s  are included i n  t h e  
s tudy .  These f i v e  types  of a l l o y  s y s t e m s ,  with examples of t h e  add i t ions  
b e i n g  made, a r e :  
1. Ni t r ida t ion  i n h i b i t o r s  ( Y ,  Th, Hf) 
2 .  Solid-solution s t r eng thene r s  (Mo, W ,  V) 
3. Solid-solution d u c t i l i z e r s  ( R e ,  Ru, Co) 
4.  Dispersion s t r eng thene r s  (carbides,  b o r i d e s ,  i n t e r m e t a l l i c s )  
5. Complex combinations of above. 
In  seve ra l  i n s t a n c e s ,  s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  from p r i o r  work t o  
spec i fy  compositions which m e r i t  f u l l  eva lua t ion  i n  Task I .  In  o t h e r  cases, 
t h i s  p r i o r  work has i d e n t i f i e d  p o t e n t i a l l y  f r u i t f u l  a l l o y i n g  approaches, but 
has  no t  proceeded t o  t h e  point t h a t  exac t  compositions can be recommended 
wi th  confidence. I n  t h e  l a t te r  i n s t a n c e s ,  it was considered more e f f i c i e n t  
t o  f i r s t  conduct surveys of such a l l o y  systems us ing  h e a t s  of smaller s ize  
and confining t h e  eva lua t ion  t o  t h e  most c r i t i c a l  c h a r a c t e r i s t i c ( s )  a f f e c t e d  
by t h e  va r i ab le  under s tudy.  This  approach was adopted f o r  t h i s  program, and 
f o u r  separa te  phases of a l l o y  design are being undertaken i n  Task I :  
A .  F i r s t  series of induction-melted h e a t s  (3-4 pounds). 
B. Small hea t s  f o r  s y s t e m  surveys (50-100 grams). 
C .  S e r i e s  of induction-melted h e a t s  based on B. 
D. Optimized compositions based on A through C .  
11 Two somewhat a r b i t r a r y  standards’’ are employed i n  t h e  i n i t i a l  phases 
of Task I .  B r i e f l y ,  t h e  i n t e n t  is t o  e v a l u a t e  s e v e r a l  a l l o y i n g  approaches 
us ing  addi t ions  t o  or depa r tu re s  from t h e  s tandard  a l loys.  This  s tandard  
could have been selected as unalloyed C r  o r  perhaps Cr-Y.  
e i t h e r  of t h e s e  would probably y i e l d  t h e  same r e l a t i v e  r a t i n g  of t h e  e f f e c t i v e -  
ness  of t h e  f u r t h e r  add i t ions .  The r e s u l t s  would n o t ,  however, be l i k e l y  t o  
approach those required f o r  t h e  t ime/ tempera ture /s t ress  regime of i n t e r e s t  
he re .  
Resu l t s  from 
The standard solution-strengthened ma t r ix ,  i n  atomic pe rcen t ,  i s :  
Cr-4Mo-. 1Y (Cr-7,1Mo-. 17Y i n  weight percent )  
One of t h e  bas i c  gu ide l ines  i n  a l l o y  des ign  f o r  high-temperature s t r e n g t h  
i s , o f  course,  the melt ing p o i n t ,  and t h e  i n t e r r e l a t e d  a spec t s  of atomic m0-  
b i l i t y  and attendant e f f e c t s  on creep.  Although o t h e r  f a c t o r s  such as d i f f e r -  
ences i n  a t o m i c  s i ze  and e l a s t i c  cons t an t s  a r e  a l s o  impor tan t ,  t h e  melt ing 
c h a r a c t e r i s t i c s  assume added s i g n i f i c a n c e  as t h e  time/temperature cond i t ions  
f o r  stressed s e r v i c e  are increased .  A review of t h e  e f f e c t s  of R e  and o t h e r  
s o l u t e s  w i t h  g r e a t e r  than s i x  o r b i t a l  e l e c t r o n s  w a s  presented i n  t h e  Pre -  
ceding sec t ion .  Of t h e  remaining elements with melt ing po in t s  above 3000°F, 
on ly  W, Mo, and V have extended s o l u b i l i t y  i n  C r .  
on t h e  high-temperature t e n s i l e  s t r e n g t h  of C r  a l l o y s  are compared on t h e  follow- 
i n g  page fo r  concent ra t ions  of 3 t o  6 atomic pe rcen t :  
The e f f e c t s  of t h e s e  s o l u t e s  
4 
Average Increase i n  Tens i l e  S t rength  (psi/atom %) 
Solu te  
V 
Mo 
W 
2000'F 
900 
5700 
9900 
2200'F 
--- 
4000 
8100 
A s  might be expected, W has a considerably higher  s t rengthening  e f f e c t  
a t  t hese  temperatures on an atomic basis .  When t h e  increase  i n  s t r eng th  per  
weight percent s o l u t e  is  considered,  W and Mo are e s s e n t i a l l y  equiva len t  a t  
2000°F and W i s  super ior  a t  t he  higher  temperature. 
i n  these  l a b o r a t o r i e s  i nd ica t e s  t h a t  W addi t ions  a r e  l imi ted  t o  about 4 atom 
percent by t h e  s o l i d - s t a t e  m i s c i b i l i t y  gap i n  the  Cr-W s y s t e m .  
a l loyed compositions r e j e c t  a W-rich so l id  so lu t ion  upon aging a t  temperatures 
below 1800'F and at tempts  t o  work such a l loys  have not been successfu l .  
with somewhat higher  atomic concentrat ions of Mo have been reduced from ingot  
t o  bar  s tock  and t h e i r  s t r eng ths  follow t h e  t rends  shown i n  t h e  t abu la t ion  
above. Therefore ,  Mo a l loys  have been emphasized i n  preference t o  W i n  t h e  
i n i t i a l  phases of Task I. The Cr-4Mo-.lY a l l o y  se l ec t ed  a s  t h e  s tandard matrix 
w i l l  provide an increase  of some 20,000 p s i  i n  t he  2000'F t e n s i l e  s t r e n g t h  
over t h a t  of C r  o r  Cr-Y,  y e t  should permit processing without undue d i f f i c u l t y .  
However, p r i o r  experience 
More h ighly  
Alloys 
Tne s tandard reactive-metal/carbon a l l o y ,  i n  atomic percent ,  is: 
Cr-.05Y-. 4Zr-. 2Ti-. 4C 
(Cr-.085Y-.7Zr-.ZTi-.09C i n  weight percent)  
The use of a Zr-rich combination of Z r  and T i  a s  the  ca rb ide - s t ab i l i z ing  
add i t ion  represents  t h e  approach which has yielded the  bes t  balance of c r i t i -  
c a l  p rope r t i e s  i n  our p r i o r  work. Although i t  i s  beyond t h e  scope of t h i s  
r e p o r t  t o  d i scuss  the  p r io r  da t a  i n  d e t a i l ,  a s h o r t  r ev iew of conclusions is  
i n  order .  Both Z r  and Hf addi t ions  t o  Cr-Y-C a l loys  r e s u l t  i n  t he  formation 
of massive carb ide  p a r t i c l e s .  Although these  l a rge  p a r t i c l e s  provide r e l a t i v e -  
l y  l i t t l e  d i spe r s ion  s t rengthening ,  the  a i r  oxidat ion behavior and r e s i s t a n c e  
t o  embrit t lement of such a l loys  is super ior .  Additions of T a ,  Cb, and T i  
r e s u l t  i n  p r e c i p i t a t i o n  of f i n e ,  uniformly dispersed monocarbides with a t t r a c t i v e  
thermal s t a b i l i t y .  The s t r eng ths  of these types of a l l o y s  a r e  considerably 
higher  than those which form t h e  coarse  ca rb ides ,  but ihey  are severely em- 
b r i t t l e d  by a i r  ox ida t ion .  Alloys w i t h  carb ides  based on a Combination of 
Z r  and T i  have s t r u c t u r a l ,  s t r e n g t h ,  and oxidat ion c h a r a c t e r i s t i c s  which a r e  
in te rmedia te  between the  two groups described above and the  thermal s t a b i l i t y  
appears t o  be super ior  t o  e i t h e r  t ype ,  with l i t t l e  growth of t he  carbides  
observed upon 1000-hour exposure a t  2000'F. This type of carbide i s  used as  
t h e  s tandard  i n  Phases A and B of Task I .  Volume f r a c t i o n s  of t he  dispersed 
phase,  reactive-metal  t o  i n t e r s t i t i a l  r a t i o s ,  and compositions of the  com- 
poundstabilizing elements have been varied with t h i s  standard a s  t he  bas i s  f o r  
comparison. A l imi ted  evaluat ion of borides i s  a l s o  being performed. 
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F i n a l l y ,  t h e  desired l e v e l  of r e t a ined  y t t r ium i s  dependent on t h e  
type  of a l loy  under cons idera t ion .  
of 0.3% and h igher  are q u i t e  e a s y  t o  work and have good ox ida t ion  r e s i s t a n c e ,  
Additions of s u b s t i t u t i o n a l l y  so lub le  elements do not  appear t o  reduce t h e  
t o l e r a n c e  f o r  P, par t ccu la r ly  i n  the case of non-reactive s o l u t e s .  Carbide- 
strengthened a l l o y s ,  on t h e  o the r  hand, are hot-short  and s u f f e r  intermedi- 
ate-temperature n i t r i d a t i o n  and consequent embrittlement a t  Y conten ts  above 
0 .2% and most cons idera t ions  i n d i c a t e  t h a t  t he  optimum l e v e l  may be more 
n e a r l y  0.1%. Microprobe s c a n s  of such a l l o y s  i n  t h e  l a t t e r  range and emission 
ana lyses  of ex t r ac t ed  phases show a lower s o l u b i l i t y  of Y and/or a tendency 
t o  segrega te  to th .e  carbides. For t h e s e  reasons ,  an intended Y l e v e l  Of 
.17% (.1 atom %I is used as a s tandard  i n  t h e  Phase A a l l o y s  which do no t  
con ta in  so lub le  second phases such as c a r b i d e s ,  and a lower l e v e l  of .085% Y 
(.05 atom %) has  been e s t ab l i shed  as t h e  s tandard  i n  t h e  dispersion-strengthened 
a l l o y s  a 
Binary a l l o y s  with r e s i d u a l  Y l e v e l s  
The compositions of t h e  a l l o y s  s e l e c t e d  f o r  eva lua t ion  i n  Phase A are 
l i s t e d  i n  Table 2. Solu te  concent ra t ions  a r e  shown he re  i n  atomic percent 
t o  more c l e a r l y  i n d i c a t e  the  r a t h e r  d i l u t e  na tu re  of m o s t  of t h e  a l l o y s  i n  
t h i s  i n i t i a l  phase. I t  w a s  no t  considered necessary t o  i n v e s t i g a t e  concentra- 
t i o n s  of the major s o l u t e s  employed he re  a t  l e v e l s  below 4 a/o s i n c e  t h e  
s t rengthening  at such l e v e l s  would be inadequate i n  terms of t h e  targets set 
f o r  t h i s  work. With .  t h e  exception of V ,  which has a r e l a t i v e l y  mild effect  
on hardness and s t r e n g t h ,  and of R e ,  which is  known t o  promote e x c e l l e n t  
mechanical p rope r t i e s  a t  about 35 a /o ,  i t  was f e l t  t o  be inadv i sab le  t o  i n -  
c l u d e  solution-strengthening a d d i t i o a s  above 8 a/o i n  t h i s  phase because of 
d i f f i c u l t i e s  i n  working even more d i l u t e  a l l o y s  i n  p r i o r  s t u d i e s .  
Several  o t h e r  types of Cr a l l o y s  have been shown t o  o f f e r  promise of 
improvements i n  one o r  more of -&he c r i t i c a l  p r o p e r t i e s  a l l o y s .  I n s u f f i c i e n t  
d a t a  are presenxly a v a i l a b l e  t o  j u s t i f y  t h e  s p e c i f i c a t i o n  of exact compositions 
f o r  f u l l  property screening. Consequently, t h e s e  approaches are being evalu- 
ated i n  t h e  concurrent Phase B by surveys over broader ranges of s o l u t e  con- 
c e n t r a t i o n  i n  small bu t ton  h e a t s  from t h e  p e r t i n e n t  a l l o y  s y s t e m s .  A summary 
of the systems included i n  Phase ?3 i s  shown i n  Table  3 .  
OCTLdllNE OF EVALUATION PROCEDURES 
A s  descylbed ahove, 40 compositions which r ep resen t  f i v e  genera l  types 
of a l l o y s  have been s e l e c t e d  f o r  sc reening  i n  Phase A .  Consolidation of 
t h e s e  a l loys  has been performed p r imar i ly  by induc t ion  melting of %-reduced 
chromium and c a s t i n g  as 2 1/8" diameter i n g o t s .  The i n g o t s  are processed by 
ex t rus ion  of Mo..canoed b i l l e t s  followed by swaging to  1/4" to 3/8" diameter.  
Wrought bar s tock  from one r e p r e s e n t a t i v e  a l l o y  from each of t h e  f i v e  types 
i s  subjected to: 
1. A complete chemical ana lys i s  from t h r e e  l o c a t i o n s  i n  t h e  o r i g i n a l  
i .ngc t  to document homogeneity, 
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2. A micros t ruc tura l  study of heat treatment response i n  t h e  range 1400'F 
t o  values i n  excess of t he  solvus temperature of dispersed phases. 
I 
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3. Low-temperature t e n s i l e  tests i n  the  th ree  most a t t r a c t i v e  thermal con- 
d i t i o n s  t o  determine t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature.  
Heat treatment of t h e  remaining a l loys  i n  Phase A is  based on t h e  above 
r e s u l t s .  A l l  t he  fol lowing are determined on a l l  Phase A a l loys :  
1. Analysis of wrought bar s tock  f o r  i n t e r s t i t i a l s  and y t t r i u m  t o  i n -  
s u r e  t h e  combined 0, plus N, content does not exceed 300 ppm t o t a l  
and t h a t  t he  r e t a ined  Y l e v e l  is i n  the  intended range. 
2. The d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature i n  tens ion .  
Analyses of t h e  raw ma te r i a l s  used i n  the  prepara t ion  of t he  Phase A a l l o y s  
are shown i n  Table 4. In  a l l o y s  of the t y p e s  which r ece ive  major emphasis i n  
t h i s  program, p r io r  work has shown t h a t  t h e  use of higher-puri ty  grades of chrom- 
ium o f f e r s  no advantage i n  mechanical propert ies  over t he  hydrogen-purified 
e l e c t r o l y t i c  f l a k e  employed here ,  
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3. Elevated-temperature t e n s i l e  s t r eng th  i n  vacuum ( i n  t h e  range 1900'- 
2400'F) i n  one wrought and one f u l l y  r e c r y s t a l l i z e d  condi t ion.  
A i r  oxidat ion behavior i n  t h e  range 1500°-24000F. 4. 
5. Metallographic eva lua t ion  of t h e  above specimens. 
In  Phase B ,  severa l  d i f f e r e n t  a l loy ing  approaches a r e  being s tudied i n  
terms of s p e c i f i c  e f f e c t s  on phase r e l a t i o n s h i p s ,  workabi l i ty  and low-temper- 
a t u r e  d u c t i l i t y ,  and r e s i s t a n c e  t o  ni t rogen embrit t lement.  Consolidation of 
t h e s e  compositions is by a r c  mel t ing of small  but tons o r  drop c a s t i n g s ,  and 
c r i t i c a l  a l l o y  i n t e r a c t i o n s  i n  each series a r e  being inves t iga t ed  by s e l e c t i v e  
mic ros t ruc tu ra l  ana lyses ,  oxidat ion,  f o r g i n g  and r o l l i n g  t r i a l s ,  and bend 
t e s t i n g .  
Resu l t s  from Phases A and B w i l l  be used as  the  b a s i s  f o r  design of more 
n e a r l y  optimized a l l o y s  i n  l a t e r  phases of Task I .  Approximately 20 compositions 
w i l l  be prepared and evaluated a s  i n  Phase A. I n  add i t ion  t o  the  tests descr ibed 
above, 10G-iiuur creep-rupture s t rengths  w i l l  be determined a t  2100' and 2400'F 
for  those  a l l o y s  which e x h i b i t  t he  bes t  combination of o the r  c r i t i c a l  p roper t ies .  
EXPERIMENTAL RESULTS - PHASE A 
I n i t i a l  Consol i d  a t  ion 
Four-pound a l l o y  charges were used throughout t he  induct ion melt ing work I 
I descr ibed below. Tota l  yt t r ium concentrat ions of 0.4 t o  0.7% were employed, depending on the  des i red  r e s idua l  l e v e l .  I n  each case  t h e  chromium, non- 
r e a c t i v e  so lu t e s  such as molybdenum o r  tungs ten ,  and 0.3% yt t r ium were blended 
and cold pressed i n t o  c y l i n d r i c a l  b r ique t t e s .  The remainder of t he  y t t r ium 
and a l l  r eac t ive  s o l u t e s ,  such as Group I V  A and V A metals and carbon,  were 
placed i n  a charging t r a y  i n  the  furnace f o r  addi t ion  t o  the  m e l t  l a t e r  i n  
~ 
I 
t h e  cyc le .  1 
A l l  a l loys  i n  t h e  i n i t i a l  port ion of t he  program were melted i n  a 50 KW I 
Stokes vacuum induct ion furnace ,  which can accomodate hea t  s i z e s  up t o  about I 
50 pounds. 
c o i l  with coarse Z r h  g r i t  se rv ing  t o  i n s u l a t e  t h e  c r u c i b l e  from t h e  c o i l  
assembly. The c r u c i b l e ,  which w a s  used f o r  only one melt and then rep laced ,  
was sealed to  the  assembly and a Z r s  pouring spout was at tached t o  t h e  l i p  
by  a pas te  made from f i n e  Z q  powder. A f t e r  loading the  br ique t ted  charge 
i n t o  the  c ruc ib l e ,  t he  furnace  was evacuated t o  a pressure  of about torr. 
A t  t h i s  po in t ,  which was scheduled f o r  mid-afternoon, a power input  of 1 .5  2 
0 .5  KW was applied t o  t h e  induct ion c o i l  with the  i n t e n t i o n  of f a c i l i t a t i n g  
more complete removal of water vapor and o ther  adsorbed gases ,  The temperature 
of t he  charge reached 1200°-14000F and was held i n  t h i s  range f o r  approxi- 
t h e  p o w e r  t o  t he  c o i l  was shut  off and t h e  vacuum sys t em continued t o  opera te  
over n igh t .  
A YaQ,-stabilized Z r %  c ruc ib l e  was packed i n s i d e  t h e  induct ion 
I 
I 
I 
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mately one hour. Af te r  t h i s  intermediate-temperature outgassing t rea tment ,  1 
1 Pressure i n  the  furnace  chamber w a s  reduced t o  a t  l e a s t  lo--* t o r r  by t h e  
p rac t i ce  described above with leak r a t e s ,  measured j u s t  before  applying power 
t o  the  c o i l ,  of 6 + 2 x lo+ t o r r  per minute. 
under vacuum, u n t i i  the  charge temperature reached 2000'F. Pu r i f i ed  argon was 
then admitted t o  the  chamber t o  a p a r t i a l  p ressure  of 650-700mm, and the  remain- 
der of t h e  melting cyc le  was conducted i n  t h i s  i n e r t  atmosphere i n  order  t o  
the  charge was completely molten, which requi red  8-10 minutes from the  time 
t h e  argon was introduced. Power input was then reduced t o  10-12 K W ,  r e s u l t i n g  
i n  a s t a b l e  superheat of looo-150°. A f t e r  holding t h e  charge molten f o r  15 
minutes under the  s t a t i c  atmosphere of argon,  t h e  remainder of the  y t t r ium l 
and any other  r e a c t i v e  s o l u t e s  i n  the  p a r t i c u l a r  a l l o y  were added from t h e  
charging t ray.  Each m e l t  was s t i r r e d  by rap id  cyc l ing  between power s e t t i n g s  
of 12 and 20 KW, held f o r  an addi t iona l  4-5 minutes ,  and c a s t  with power on. 
I n i t i a l  hea t ing  was performed 
I 
reduce vaporization of t h e  chromium. The power w a s  increased t o  15-18 KW u n t i l  I 
j 
I 
Charges w e r e  c a s t  i n t o  copper molds f i t  with 2 1/8" diameter CaO-stabil- 
ized ZrG mold l i n e r s .  These ceramic l i n e r s  are necessary t o  prevent s o l i d i -  ~ 
no hot-topping P r a c t i c e ,  very ex tens ive  shr inkage o c c u r s  in  c a s t  I 
f i c a t i o n  cracks which occur i n  a l l  but t h e  most d i l u t e  a l l o y s  upon c a s t i n g  
d i r e c t l y  i n to  copper c h i l l  molds. If allowed t o  freeze i n  such molds with 
chromium a l loys .  In  order  t o  prevent t h i s  Severe  p ipe ,  each c a s t i n g  w a s  a r c  
hot-topped by u s e  of a r e t r a c t a b l e  tungsten e l e c t r o d e  mounted i n  t h e  top  of 
t h e  furnace.  A t  a po ten t i a l  of 25 + 5 v o l t s ,  an a r c  cu r ren t  of 500 amps w a s  
employed f o r  30-45 seconds immediately a f t e r  pouring and then was gradual ly  
I 
I 
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reduced t o  about 50 amps before  arc ex t inc t ion .  This  procedure r e s u l t e d  i n  
sound, crack-free ingo t s  of 3-4" height  with very shallow shrinkage c a v i t i e s .  
A s  mentioned i n  a preceding sec t ion ,  chemical analyses  of t hese  a l l o y s  
were obtained a f te r  subsequent su r face  condi t ioning and processing t o  bar 
s tock .  I n  t h i s  manner, analyses  of mater ia l  from t h e  c e n t e r  por t ions  of t h e  
i n g o t s  could be obtained without des t ruc t ive  sec t ion ing  of t he  c a s t i n g s  p r i o r  
t o  working. In add i t ion  t o  conserving material, t h i s  sampling procedure w a s  
adopted i n  order  t o  prevent possibly misleading r e s u l t s  which might arise from 
a n a l y s i s  of t h e  extreme t o p ,  bottom, o r  c y l i n d r i c a l  su r f ace  of t h e  ingot .  
Extrusion and Swaging 
After g r i t  b l a s t i n g  t o  remove remnants of t h e  mold l i n e r ,  each of t h e  
ingo t s  w a s  cropped a t  l eas t  1/4" below the  shallow shrinkage c a v i t y  by power 
hack s a w .  
p r i o r  t o  ex t rus ion .  They were machined from as-cast diameters  of 2.2 f .1" 
t o  b i l l e t  diameters  of 1.9 2 .05", t h e  exact  dimensions being governed by 
t h e  I D  of t h e  molybdenum can. L i d s  were welded t o  the  cans by t h e  tungste2 
arc process  i n  a vacuum-purged chamber back-f i l led with high p u r i t y  helium, 
then  t h e  cans were evacuated and sealed by e l e c t r o n  beam welding. 
A l l  t h e  ingots  were encased i n  molybdenum cans with an OD of 2.06" 
A l l  of t h e  f irst  group of a l l o y s  were extruded from 2 1/8" diameter con- 
t a i n e r s  through 3/4" diameter dies.  
sen ted  i n  Table 5.  Heating was performed i n  an induct ion u n i t  under a pro- 
t e c t i v e  atmosphere of argon. The canlmed b i l l e t s  were soaked f o r  30 minutes 
a t  temperature ,  then t r ans fe r r ed  t o  the conta iner  of a 1250 ton  hydraul ic  
p re s s  (Lowey Hydrspress) with handling t i m e s  of 10 t o  15 seconds. Lubricants  
w e r e  powdered glass p lus  a mixture of necrol ine and graphi te .  The tool steel 
d i e s  w e r e  flame sprayed with Zr% to  reduce wash and extend t h e i r  usefu l  l i v e s .  
So l id  g raph i t e  back-up blocks w e r e  inser ted  behind the b i l l e t s  t o  reduce t h e  
e x t e n t  o f  t h e  ex t rus ion  defects i n  t h e  t r a i l i n g  ends. Inspect ion of t h e  ex- 
t ruded s tock  w a s  performed by radiographic and f luorescent  penetrant  techniques.  
Other than minor nose b u r s t s  and t h e  typ ica l  t ra i l ing-end  d e f e c t s ,  no i n t e r -  
nal f laws w e r e  detected.  
A summary of t h e  ex t rus ion  d a t a  is  pre- 
Severa l  d i l u t e  a l l o y s ,  such a s  Cr-Y-(Th) and s imilar  compositions with 
Z r - T i  and H f - Z r  c a rb ides ,  were included i n  t h i s  f i rs t  group t o  be extruded. 
Sec t ions  of each of these a l l o y s  were swaged t o  0.25" d iameter ,  using f i n a l  
working temperatures i n  the  range 1800° t o  2200'F. Other a l l o y s  i n  
t h i s  group w e r e  from solution-strengthened systems which conta in  from 4 t o  8 
atomic percent Mo or W .  In  c o n t r a s t  t o  t h e  s a t i s f a c t o r y  workabi l i ty  observed 
i n  the  d i l u t e  a l l o y s ,  considerable  d i f f i c u l t y  w a s  experienced i n  swaging these  
more h igh ly  al loyed compositions. Moderate t o  severe  cracking occurred dur ing  
e a r l l  s t a g e s  of reduct ion  a t  a l l  working temperatures i n  the  range 2000' t o  
2500 F .  T h i s  behavior was not e n t i r e l y  unexpected a t  s o l u t e  l e v e l s  i n  t h e  
range of 8 atomic percent  Mo or W ,  but w a s  not an t i c ipa t ed  a t  t h e  concentrat ion 
of 4 .  atomic percent .  
Chemical Analyses 
Because of t h e  unexpected processing d i f f i c u l t i e s  descr ibed  above, 
ana lyses  of t h e  i n t e r s t i t i a l  and y t t r ium contents  of r e p r e s e n t a t i v e  a l l o y s  
i n  t h i s  f i r s t  group were undertaken. C a s t  samples were obtained i n  each 
case from t h e  lower side of t h e  s l ice  taken from t h e  t o p  of t h e  ingo t  
p r i o r  to  canning. Resu l t s  are shown i n  Table 6. 
Each a l l o y  i s  h igh ly  contaminated by oxygen and e s s e n t i a l l y  a l l  of t h e  
y t t r ium has been l o s t  du r ing  melting, 
r e a c t i v e  metals from Group I V  A have considerably lower oxygen l e v e l s  but 
they are s t i l l  f a r  above t h e  acceptab le  l i m i t .  
The a l l o y s  which con ta in  carbon and 
Revised Melting P r a c t i c e  
A s  a r e s u l t  of t h e  gross oxygen contamination, t h e  e n t i r e  melting se- 
quence employed i n  t h i s  work w a s  re-examined and compared t o  ea r l i e r  p r a c t i c e  
i n  which s a t i s f a c t o r y  p u r i t y  l e v e l s  were obta ined .  A l a r g e  number of chrom- 
ium a l loys  have been induct ion  melted and cast  i n  these  l a b o r a t o r i e s ,  us ing  
s i m i l a r  techniques,  as hea t s  ranging i n  s i z e  from 10 t o  100 pounds. I n t e r -  
s t i t i a l  impurity l e v e l s  i n  these  ear l ier  a l l o y s  were w e l l  below t h e  l i m i t  of 
300 ppm t o t a l  which was s p e c i f i e d  f o r  t h e  present  program. For example, t h e  
average oxygen and n i t rogen  conten ts  of 1 5  h e a t s  of C-207 and d i r e c t l y  re- 
l a t e d  compositions were r e spec t ive ly  83 and 54 ppm. 
I n  the present series of a l l o y s  t h e  gas con ten t s  of t h e  s t a r t i n g  mater- 
i a l s ,  u l t imate  vacuua and leak rates i n  the melt ing chamber, and p u r i t y  of 
t h e  i n e r t  gas introduced dur ing  melting were each equal or supe r io r  t o  those 
i n  p r i o r  work. C r u c i b l e s  and mold l i n e r s  were a l s o  of t h e  same type employed 
success fu l ly  i n  t h e  e a r l i e r  h e a t s .  Although these  f a c t o r s  d i d  not  appear t o  
be involved i n  t h e  d ra s t i c  contamination experienced i n  mel t ing t h e  Phase A 
a l l o y s ,  they were not  ignored i n  t h e  sequence of rev ised  m e l t s  which were 
made t o  iden t i fy  and c o r r e c t  t he  source(s )  of oxygen pick-up. 
Duplicate re -ana lys i s  of t he  gas con ten t s  of t h e  present  l o t s  of chrom- 
ium and yttrium,which a r e  t h e  only two elements common t o  each of t h e  contam- 
ina t ed  h e a t s ,  gave t h e  following r e s u l t s :  
Mat er i a1  
Chromium Flake 
Yttrium Sponge 
Gas Content (ppm) 
0 N H - - - 
49 86 1 
730 10 25 
Since  the  y t t r i u m  and o the r  minor a l l o y i n g  elements shown previous ly  
i n  Table 4 were added i n  concent ra t ions  of less than  1 weight pe rcen t ,  t h e  
oxygen input from these sources  amounts t o  only  a f e w  p a r t s  per mi l l i on  and 
cannot account f o r  t h e  observed contamination. Sampling of t h e  p u r i f i e d  
argon showed a maximum oxygen content  of about5ppm. I n  t h e  furnace  chamber 
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with a volume of 95 cubic f ee t ,  the  i m p u r i t i e s  i n  t h e  argon could thus add 
less than 15 ppm oxygen t o  the  4-pound a l l o y  charges. 
A number of o ther  f a c t o r s  connected with melting and cas t ing  p rac t i ce  
were considered as po ten t i a l  sources  of oxygen contamination. These a r e  
l i s t e d  below: 
1. 
2. 
3 .  
4. 
5 .  
6 .  
7 .  
8. 
The a r c  hot-topping of t he  ingots  immediately a f t e r  ca s t ing .  
Intermediate-temperature bake-out of t h e  c r u c i b l e  and br ique t ted  
charge a t  1300 2 100°F under a vacuum of t o  ld3 t o r r .  
Excessive superheat during the s t i r r i n g  cycle  a f t e r  adding re- 
ac t ive  so lu t e s .  
Contamination from the  i n e r t  gas l i n e s ,  which were blanked off 
during leak  rate determinations.  
Increased r eac t ion  of t h e  m e l t  with the  Yz03-stabil ized Zr% 
c ruc ib l e  due t o  the  l a r g e r  surface area-to-volume r a t i o  i n  the 
smaller  h e a t s ,  or t o  an inherent i n s t a b i l i t y  i n  the  p a r t i c u l a r  
c ruc ib l e s  employed. 
Reaction with t h e  CaO-stabilized mold l i n e r ,  which might be 
acce lera ted  by arc hot-topping. 
I n s u f f i c i e n t  y t t r ium i n  t h e  charge f o r  complete deoxidation. 
An undetected l eak ,o r  o t h e r  source of oxygen, i n  t h e  furnace 
chamber. 
A series of melts w a s  designed t o  separa te  the  e f f e c t s  of each of t he  
foregoing  f a c t o r s  on t h e  oxygen contents of t h e  r e s u l t a n t  i ngo t s .  Only 
carbon-free a l l o y s  were used i n  t h e  sequence of hea t s  t o  be descr ibed be- 
low, s i n c e  those a l loys  i n  the  contaminated s e r i e s  which contained carbon 
add i t ions  were p a r t i a l l y  deoxidized. In  the  f i r s t  group of rev ised  hea t s ,  
a l l o y s  which contained 0.3% Y i n  t h e  br iquet ted charge were melted i n  the  
50-pound furnace using c ruc ib l e s  and mold l i n e r s  from t h e  same l o t s  em- 
ployed i n  t h e  contaminated series. The f i r s t  fou r  f a c t o r s  i n  t h e  l i s t  
above -- a r c  hot-topping , vacuum bake-out , superhea t ,  and t h e  in t roduct ion  
of argon -- w e r e  var ied i n  t h i s  group. As i n  t h e  contaminated a l l o y s ,  
samples f o r  vacuum fus ion  ana lys i s  were taken from cen te r  l oca t ions  a t  
depths  of 3/8 + 1/8" from t h e  sur faces .  
p r a c t i c e  and gaseous impurity contents of t he  ingots  a r e  shown i n  Table 7 .  
Spec i f i c  v a r i a t i o n s  i n  melting 
I t  i s  c l e a r  from these  d a t a  t h a t  t he  major port ion of the  oxygen 
contamination w a s  caused by the  intermediate-temperature (1200 - 1400°F) 
bake-out of t h e  c ruc ib l e  and br iquet ted charge which had been employed i n  
a l l  of t h e  contaminated s e r i e s .  Elimination of t h i s  s t e p  r e su l t ed  i n  a 
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four- to  f ive-fold decrease i n  the  oxygen content.  
superheat nor t h e  in t roduct ion  of argon appeared t o  inf luence  t h e  f i n a l  
oxygen l eve l .  Some ind ica t ion  of improvement was noted i n  the  heat  i n  
which both the  bake-out cycle  and the  a r c  hot-topping p rac t i ce  were dropped, 
but the  combined i n t e r s t i t i a l  contents  i n  each of these  hea t s  were st i l l  
50 t o  100% above acceptable  l i m i t s .  
Nei ther  t he  degree of 
R e s u l t s  t o  t h i s  p o i n t  ind ica ted  t h a t  t h e  remaining oxygen contamin- 
a t i o n  was due t o  i n t e r a c t i o n  with the  c ruc ib l e s  and molds or with t h e  
furnace environment. In  e i t h e r  c a s e ,  t h e  degree of contamination would 
be expected t o  be considerably g rea t e r  i n  t he  4-pound hea t s  used here  
than i n  the l a r g e r  hea t s  of a l l o y s  melted i n  previous programs, most Of 
which were prepared from charges of 12 t o  15 pounds. The l a r g e r  su r face  
area-to-volume r a t i o s  i n  the  smaller-diameter c ruc ib l e s  and mold l i n e r s  
used here would magnify the  e f f e c t s  of any r eac t ion  with t h e  Z r % ,  and 
t h e  lower volume of molten metal exposed t o  the  furnace atmosphere of a 
given i m p u r i t y  l e v e l  would a l s o  r e s u l t  i n  a g rea t e r  impurity concentra- 
t i o n  in  the ingot .  On the  o the r  hand, oxygen pick-up from e i t h e r  one o r  
both of t h e s e  poss ib le  sources might be reduced t o  acceptable  l e v e l s  by 
increasing t h e  y t t r i u m  content i n  the  i n i t i a l  charge t o  promote f u r t h e r  
deoxidation by s l a g  formation. In  order  t o  sepa ra t e  these  f a c t o r s ,  a 
second group of a l l o y s  were melted and c a s t  i n  t h e  50-pound furnace used 
i n  a l l  Phase A work t o  t h i s  point and i n  a smaller l a b  furnace (NRC Model 
2551) w i t h  a maximum capaci ty  of 15  pounds and a chamber volume of 10 
cubic  f e e t .  No intermediate-temperature bake-out w a s  used and t h e  ingots  
were not  arc  hot-topped, Y t t r i u m  contents  i n  the  b r ique t t ed  charges were 
var ied f rom 0.3 t o  0.576, and hea ts  were c a s t  i n t o  copper molds with and 
without the CaO-stabilized Y,O, mold l i n e r s .  In  addi t ion  t o  vacuum fus ion  
ana lys i s  for  gas con ten t s ,  t he  approximate y t t r ium and zirconium l e v e l s  
of each heat were determined by comparing i n  x-ray emission t h e  r e spec t ive  
i n t e n s i t i e s  of KQ l i n e s  with those from s i m i l a r  chromium a l l o y s  of known 
y t t r i u m  and zirconium contents .  Since none of t h e  a l l o y s  contained any 
in t en t iona l  zirconium add i t ion ,  i t s  concent ra t ion  i n  t h e  ingot  is  in-  
d i c a t i v e  of t h e  degree of i n t e r a c t i o n  with Z r %  c r u c i b l e s  and/or l i n e r s .  
Average r e s u l t s  from c a s t  samples taken a t  depths  of 3/8 2 1/8" from t o p  
and bottom su r faces  of ingots  i n  t h i s  series a r e  presented i n  Table 8. 
With the  one exception noted ,  ind iv idua l  analyses  var ied from t h e  averages 
by no more than f 20%. - 
Although e l imina t ion  of t h e  a r c  hot-topping s t e p  and increas ing  the  
y t t r ium content of t he  charges r e su l t ed  i n  a f u r t h e r  reduct ion i n  t h e  oxygen 
l e v e l  of heats  melted i n  the  l a r g e r  fu rnace ,  t he  r e s u l t s  a r e  s t i l l  UnSatiS- 
fac tory .  Some i n t e r a c t i o n  with t h e  s t a b i l i z e d  Z r s  c ruc ib l e s  has occurred 
i n  each melting f a c i l i t y ,  but t h e  important f a c t o r  appears t o  be the  f u r -  
nace environment i t s e l f .  All of the  a l l o y s  melted i n  t h e  15-pound fu rnace ,  
which h a s  a chamber volume near ly  10 t i m e s  smal le r  than t h a t  of t h e  50-pound 
furnace ,  have combined i n t e r s t i t i a l  impurity conten ts  w e l l  below the  l i m i t  
of 300 ppm. T h i s  smaller  furnace is  being used exc lus ive ly  i n  r ep lac ing  the  
Phase A a l loys  which were contaminated i n  t h e  i n i t i a l  series of m e l t s .  
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Each of t h e  4-pound hea t s  c a s t  d i r e c t l y  i n t o  copper molds with no ceramic 
l i n e r s  contained s o l i d i f i c a t i o n  cracks.  Those c a s t  i n t o  ZrG mold l i n e r s  and 
allowed t o  f r e e z e  without ex te rna l  hot-topping were f r e e  of t hese  cracks, but  
had shrinkage c a v i t i e s  which extended 2 inches or more below t h e  sur faces .  
I n  order  t o  produce sound ingots  of s u f f i c i e n t  s i z e  f o r  t h i s  program, i t  w a s  
t he re fo re  necessary t o  increase  t h e  charge weight t o  7 pounds, extend the  depth 
of t h e  mold accordingly,  and d iscard  the por t ion  of t h e  ingot  which conta ins  
t h e  pipe. 
d i t i o n s  descr ibed previously,  except,of course,  t h a t  n e i t h e r  intermediate-  
temperature bake-out treatments nor a rc  hot-topping techniques are employed. 
The hea t s  are cast through Z- tundishes i n t o  copper molds provided with 
Z r %  l i n e r s ,  t h e  upper 3" of which is of 1" w a l l  th ickness  t o  de lay  f r eez ing  
i n  t h e  hot  top. A t  t h i s  w r i t i n g ,  gas analyses of an add i t iona l  11 a l l o y s  pre- 
pared i n  t h i s  manner a r e  ava i l ab le .  Combined gaseous impurity l e v e l s  a r e  i n  
t h e  range 81 t o  153 ppm and t h e  individual  concent ra t ions  of oxygen and n i t r o -  
gen are below 100 ppm i n  each case.  
Briquet ted charges containing 0.4% Y are being melted under con- 
Micros t ruc tura l  c h a r a c t e r i s t i c s  which are rep resen ta t ive  of t h e  t h r e e  
general  l e v e l s  of pu r i ty  produced i n  s imi la r  a l l o y s  by v a r i a t i o n s  i n  t h e  
melt ing p r a c t i c e  are i l l u s t r a t e d  i n  Figure 4. The g ross ly  contaminated a l l o y s  
i n  t h e  i n i t i a l  series a l l  conta in  numerous, r a t h e r  massive oxide p a r t i c l e s  
such as those shown f o r  t h e  CI-6 composition i n  F igure  4A. El iminat ion of 
t h e  intermediate-temperature bake-out cycle  reduced t h e  oxygen content  to  
about 500 + 100 ppm, but t h i s  concentrat ion is  s t i l l  considerably above the  
s o l u b i l i t y - l i m i t  as shown by the  example i n  F igure  4B. S t ruc tu res  of t he  
low-oxygen a l l o y s  a r e  dependent on the  r e s idua l  y t t r ium content .  A l l o y  CI-7A, 
with a r e t a ined  y t t r ium l e v e l  of approximately .lo%, is  f r e e  of oxide p a r t i -  
cles and shows only i s o l a t e d  evidence of an in t e rg ranu la r  phase. The CI-5B 
a l l o y ,  which conta ins  nea r ly  twice as much y t t r ium,  is  s t r u c t u r a l l y  similar 
t o  CI-7A i n  t h a t  oxide p a r t i c l e s  a r e  v i r t u a l l y  absent ,  but t h e  grain-boundary 
phase i s  much more pronounced. Although e l e c t r o n  microprobe traces across 
g ra in  boundaries showed a s i g n i f i c a n t  but v a r i a b l e  decrease  i n  both chromium 
( 5  t o  15%) and molybdenum (2 t o  5%) compared t o  t h e i r  concentrat ions i n  t h e  
ma t r ix ,  t h e r e  was only very s l i g h t  increase  i n  y t t r i u m  i n t e n s t i y .  Scans of 
t h e  e n t i r e  spectrum of wave lengths  emitted from such in t e rg ranu la r  regions 
were conducted on t h e  premise t h a t  t h i s  phase could be based on some low- 
iiieitiiig metallic i m p d r i t y  , h ~ t  nn3y chromium, molybdenum and y t t r i u m  were 
de tec ted .  I t  is  present ly  hypothesized t h a t  t h i s  i n t e rg ranu la r  phase is  
y t t r ium-r ich ,  but t h a t  i t  w a s  r ap id ly  a t tacked  by t h e  l i g h t  e tch ing  employed 
i n  sample preparat ion.  Experiments are  being repeated both i n  t h e  unetched 
cond i t ion  and a f t e r  short-t ime a i r  exposure of t h e  specimens t o  convert  any 
y t t r ium i n  t h i s  phase t o  the  oxide and thereby r e t a i n  its d i s t r i b u t i o n .  
F i n a l l y ,  t h e  d a t a  i n  Table 8 i nd ica t e  t h a t  t h e  r e t a ined  y t t r ium contents  
more n e a r l y  approach the  intended values with i n i t i a l  charge add i t ions  of 
0.4%. This  concent ra t ion  is employed i n  t h e  series of a l l o y s  which are 
c u r r e n t l y  being melted and processed to  r ep lace  those which were contaminated 
by t h e  earlier melt ing p rac t i ce .  
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EXPERIMENTAL RESULTS - PHASE B 
Data from a r a t h e r  l a r g e  number of arc-melted but tons from seve ra l  
a l l o y  systems a r e  being generated i n  t h i s  phase of t h e  program. The u l -  
t imate  goal i s  t o  s e l e c t  t he  most e f f e c t i v e  of t h e  approaches surveyed 
here  f o r  incorporat ion i n  l a r g e r  hea t s  t o  be prepared i n  subsequent phases 
of the  s t u d y .  Discussion of t h i s  work is arranged i n  terms of a l loy  
s y s t e m s  of genera l ly  increas ing  complexity, i n  t h e  same order  i n  which 
they were pressnted earlier i n  Table 2 .  A l l  the  a l l o y s  i n  Phase B were 
a r c  melted a s  50 t o  100 gram hea ts  using tungsten e l e c t r o d e s ,  copper button 
molds, and a helium atmosphere ge t te red  p r i o r  t o  preparat ion of t he  but tons 
by melting a t i tanium charge. Each a l l o y  w a s  melted a minimum of th ree  
t i m e s  t o  promote homogeneity. 
Cr-W-V Alloys 
A t  temperatures above 2000'F, W is one of t h e  most e f f e c t i v e  s o l i d -  
s o l u t i o n  strengthening addi t ions  which can be made t o  C r .  One of t h e  reasons 
t h a t  i t  has not received more emphasis i n  the  f i r s t  series of l a r g e r  h e a t s  
is  t h a t  the concentrat ion of W i n  binary a l l o y s  is  l imi t ed  t o  about 5 a/, by 
t h e  so l id - s t a t e  m i s c i b i l i t y  gap i n  the  Cr-W sys t em below 1800'F. Prior work 
i n d i c a t e s  t h a t  V has a r e l a t i v e l y  mild s t rengthening  e f f e c t  i n  binary a l loys 
with C r ,  but t h a t  i t  increases  t h e  s o l u b i l i t y  of W i n  te rnary  a l l o y s .  Since 
ava i l ab le  da ta  a r e  too  l imi ted  t o  e s t a b l i s h  the  so lvus  with any degree of 
accuracy,  a series of a l l o y s  with 5 ,  7.5 and 10 a/, W has been prepared with 
V addi t ions  ranging from 0 to  20 a / ~ .  
C r  c r y s t a l s  and drop c a s t  as 1/2" diameter cy l inde r s .  
appeared t o  be single-phased a f t e r  2-hour annealing a t  2500'F i n  hydrogen. 
They are cur ren t ly  being aged f o r  prolonged per iods a t  1650' and 1800°F,  t h e  
range i n  which W-rich s o l i d  s o l u t i o n  i s  r e j ec t ed  from binary a l l o y s .  
The a l l o y s  were a r c  melted from iodide  
Sec t ions  from these  cas t ings  
C o  Additions To C r - R e  And Cr-Ru 
Concentrations of about 35 a/o R e  and 20 a/, Ru r e s u l t  i n  highly d u c t i l e  
C r  a l l o y s .  Such compositions can be cold worked from the  as-cast  condi t ion  
and r e t a i n  t h e i r  d u c t i l i t y  a f t e r  exposure a t  e leva ted  temperatures.  A s  out-  
l i n e d  i n  a preceding s e c t i o n ,  recent  experiments have shown t h a t  Co add i t ions  
t o  C r  a t  l e v e l s  of 25 t o  30 a/o r e s u l t  i n  s i m i l a r  d u c t i l i t y  improvements when 
the  a l l o y s  a re  supersaturated by c h i l l  c a s t i n g  o r  by quenching from an anneal- 
i ng  temperature above 2500'F. 
with  decreasing temperature,  these  a l loys  are embr i t t l ed  by sigma phase forma- 
t i o n  dur ing  aging i n  the  temperature range of 1500' t o  2000'F. 
However, s ince  the  s o l u b i l i t y  of C o  drops r ap id ly  
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The approach adopted i n  t h e  present series w a s  t o  add C o  t o  Cr -Re  and 
Cr-Ru a l l o y s  i n  an attempt to  decrease t h e  amounts of R e  o r  Ru required f o r  
s i g n i f i c a n t  d u c t i l i t y  improvements, The a l l o y s  were prepared from iodide  
C r  c r y s t a l s  and R e ,  Co and Ru powders which were hydrogen t r e a t e d  a t  2550'F 
f o r  1/2 hour t o  deoxidize and then a r c  melted. 
melted as but tons and then drop c a s t  i n t o  1/2" diameter cy l inde r s .  
approximately 0.1" t h i c k  were c u t  from t h e  cy l inde r s  and r o l l e d  a t  room 
temperature u n t i l  excessive cracking occurred. Resul t s  of t h e s e  r o l l i n g  
experiments a r e  i l l u s t r a t e d  on t h e  diagrams of t he  Cr-rich corners of t h e  
Cr-Re-Co and Cr-Ru-Co systems i n  Figures 5 and 6 respec t ive ly .  
The t e r n a r y  a l l o y s  were f i r s t  
Disks 
A t  t h e  l e v e l  of 11 R e ,  t h e  d u c t i l i t y  shows a marked inc rease  a s  
t h e  Co content  increases .  L i t t l e  improvement i n  workabi l i ty  is  noted a t  
t h e  lower R e  content inves t iga ted .  Similar  behavior is observed i n  t h e  C r -  
Ru-Co system. Increasing t h e  C o  l eve l  r e s u l t s  i n  a continuous improvement 
i n  cold r o l l i n g  c h a r a c t e r i s t i c s  at the  higher Ru content .  
A l l  t h e  a l loys shown i n  Figures  5 and 6 were single-phased i n  t h e  as- 
c a s t  condi t ion ,  
then  aging f o r  100 hours a t  1650°F, p rec ip i t a t ion  of sigma phase occurred 
i n  m o s t  of t h e  alloys.  Aged s t r u c t u r e s  of t h e  more h ighly  al loyed Cr-Re- 
C o  compositions,  those  which i n  t h e  cas t  condi t ion exhib i ted  t h e  bes t  cold 
workab i l i t y ,  are shown i n  Figure 7 and metallographic observat ions from the  
e n t i r e  series are summarized i n  Table 9. Based on these  data, t h e  t en ta -  
t i v e  boundaries between the  bcc s o l i d  s o l u t i o n s  and t h e  two-phase regions 
conta in ing  sigma are indica ted  on t h e  t e rna ry  diagrams i n  F igures  5 and 6. 
R e s u l t s  obtained t o  d a t e  i n d i c a t e  t h a t  Co can i n  f a c t  be s u b s t i t u t e d  f o r  
r e l a t i v e l y  large pro t ions  of t h e  R e  and Ru required t o  promote cold work- 
a b i l i t y  i n  cast C r  a l l oys .  Thermal s t a b i l i t y  is impaired by such subs t i t u -  
t i o n ,  however, p a r t i c u l a r l y  a t  t h e  higher C o  l eve l s .  In  order  t o  complete 
t h i s  work, a series of s i x  a l l o y s  i n  t h e  Cr-Re-Co s y s t e m  loca ted  near t h e  
1650°F phase boundary is being prepared and w i l l  be evaluated i n  g rea t e r  
d e t a i l .  
However, a f t e r  heat  treatment a t  2550°F f o r  1 hour and 
Cr-Y Allovs With D i l u t e  R e ,  Ru and Co Additions - 
Aside from t h e  improvement of d u c t i l i t y  i n  concentrated s o l u t i o n s ,  
R e  has been shown i n  p r i o r  work t o  have a bene f i c i a l  e f f e c t  on a i r  oxida- 
t i o n  behavior of much more d i l u t e  C r  a l l o y s  conta in ing  Y. Since Ru and 
C o  are analogous t o  R e  i n  o t h e r  r e spec t s ,  t h e  ox ida t ion -n i t r ida t ion  re- 
s is tance of a series of Cr-Y a l l o y s  with r e l a t i v e l y  s m a l l  add i t ions  of these  
three elements was evaluated. The a l loys  were prepared from hydrogen-reduced 
C r  f l a k e  and pu r i f i ed  R e ,  Ru, and Co. The C r  was a l loyed  f i r s t  with t h e  R e ,  
Ru, or  Co t o  in su re  homogeneity. These but tons were crushed t o  provide a 
master a l l o y  to  which t h e  Y was added. The a l l o y s  w e r e  f i r s t  m e l t e d  as 
bu t tons  and drop c a s t  i n t o  1/2" diameter cy l inders .  Disks approximately 
0.1" t h i c k  were c u t ,  ground throu h 600 g r i t  paper,  c leaned,  and exposed 
t o  a i r  a t  1500°F, 100 hours ,  2100 F,  100 hours ,  and 2400°F f o r  24 hours. 
R e s u l t s  are compiled i n  Table 10. I n  genera l ,  t h e  combination of Y and R e  
Q 
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resu l t s  i n  improved oxida t ion-n i t r ida t ion  behavior. The Cr-Re-Y a l loys 
exhibi ted b e t t e r  oxide adherence and less n i t r i d a t i o n  than similar com- 
pos i t ions  with e i t h e r  Ru or Co. 
Photomicrographs of t h e  r ep resen ta t ive  specimens are presented i n  
F igures  8 and 9. In  none of t h e  a l l o y s  was evidence of n i t r i d a t i o n  noted 
a f t e r  100 hours a t  1500.F. 
t h e  as-cast s t ruc tu re .  Alloys with 0.5 '/o Y contain second phase p a r t i -  
cles which are f a i r l y  uniformly d i s t r i b u t e d  i n  an i n t e rg ranu la r  and i n t e r -  
d e n d r i t i c  array. This d i s t r i b u t i o n , a s  discussed i n  conjunct ion with t h e  
induction-melted h e a t s  i n  Phase A ,  suggests  t h a t  t h e  p a r t i c l e s  are Y-rich. 
The a l loys  with 0.1 '/o Y a l s o  contain a second phase o r  phases but  i n  
g r e a t l y  reduced quant i ty .  
S t ruc tu res  i n  each in s t ance  were similar t o  
In  the  Cr-.QRe-O.lYalloy, p r e c i p i t a t i o n  of n i t r i d e  needles  occurred 
The during oxidat ion a t  2100. and 2400°F as shown i n  Figures  8A and 8B. 
n i t r i d a t i o n  r e s i s t a n c e  appeared t o  be b e t t e r  than t h a t  of a Cr-Mo-. lY 
a l l o y  which w i l l  be discussed later.  N i t r i d a t i o n  r e s i s t a n c e ,  p a r t i c u l a r l y  
a t  2400°F, was improved as the  Y content  was increased t o  0.5% as shown 
i n  Figures 8 C  and 8 D .  Some agglomeration of t h e  dispersed phase occurred 
a t  t h e  higher temperature. Increasing t h e  R e  t o  8 r e s u l t e d  i n  a f u r t h e r  
improvement i n  n i t r i d a t i o n  r e s i s t a n c e  as ind ica ted  i n  Figures  9A and 9B. 
Again agglomeration of t h e  second phase occurred a t  t h e  higher test  temper- 
a t u r e ,  along with evidence of i n c i p i e n t  melting. 
The a l l o y s  with Ru and Co add i t ions  were much less r e s i s t a n t  t o  a i r  
oxidat ion than the  Re-containing a l loys .  Extensive n i t r i d a t i o n  occurred 
a t  2400'F as shown i n  Figures  9C and 9D. 
These r e s u l t s  i nd ica t e  t h a t  R e  is b e n e f i c i a l  with regard t o  n i t r i d a -  
t i o n  r e s i s t a n c e  but t h a t  Ru and Co, a t  t h e  4 a/o l e v e l ,  a r e  de t r imenta l .  
Should any of t h e  t e rna ry  Cr-Re-Co al loys e x h i b i t  a b e t t e r  balance of cold 
workabi l i ty  and thermal s t a b i l i t y  i n  t h e  compositions being prepared i n  
regions near  t h e  two-phase boundary, t h e  a i r  oxida t ion  behavior of such 
a l l o y s  w i l l  be es tab l i shed  before  making a dec i s ion  to  m e l t  larger hea t s .  
Cr-Y Alloys With Group I V  A and V A Carbides 
In  order  t o  provide the  bes t  poss ib l e  combination of s t r e n g t h ,  d u c t i l i t y  
and r e s i s t ance  t o  embrit t lement dur ing  a i r  oxida t ion  i n  t h e  design of d i s -  
persion-strengthened a l l o y s  i n  succeeding phases of t h e  work, a C r i t i c a l  
survey of t h e  i n t e r a c t i o n s  between carbide-forming elements and n i t r i d a t i o n -  
i n h i b i t i n g  addi t ions  is  being made i n  Phase B. Resu l t s  from t h e  f i r s t  por- 
t i o n  of t ha t  survey a re  presented i n  t h i s  s ec t ion .  Each of t h e  Group IV A 
and GroupV A metals were added a t  l e v e l s  of 0.5 and 1 .0  atomic Percent t o  
base compositions of C r ,  C r - Y ,  and C r - Y X .  The a l l o y s  were a r c  melted a s  
60-gram but tons,  sheathed i n  mild steel and drop-forged a t  22Q0°F t o  a 60% 
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reduct ion i n  thickness .  The a l l o y s  w i t h  r e a c t i v e  metal addi t i rms of 1.0 atomic 
percent w e r e  r o l l e d  t o  .070 + .010" s t r i p  a t  2100' - 1900°F, using i n i t i a l  
reduct ions of 20% per  pass a? the  higher temperature and f i n i s h i n g  with 10% 
reduct  ions a t  1900'F. 
I 
A i r  oxidat ion tests were conducted a t  2100'F on wrought samples of the  
e n t i r e  s e r i e s .  E f fec t s  of oxidat ion on t h e  lower-temperature mechanical pro- 
I Resu l t s  of 2100°F oxida t ion  tests of t h e  e n t i r e  series are shown i n  
Table 11 and mechanical proper t ies  of representa t ive  a l l o y s  are summarized i n  
Table 12. Rather marked d i f f e rences  i n  both oxidat ion and mechanical behavior 
are observed between those a l l o y s  containing add i t ions  of Group I V  A metals 
I ( T i ,  Z r ,  and iif) aiid thcse v;ith cnlutes from Group V A ( V ,  Cb and Ta).  Each of 
I 
I 
t 
! 
t h e  elements i n  binary a l l o y s  witn C r  a t  the  l e v e l  of 0 . 5  atomic percent r e s u l t s  
i n  an inc rease  i n  the  oxida t ion  r a t e  over thak of the  unalloyed metal a t  2100'F. 
However, s m a l l  addi t ions  of Y t o  the  a l loys  witn Group I V  A s o l u t e s  a r e  very 
e f f e c t i v e  i n  reducing oxida t ion ,  whereas Y is  r e l a t i v e l y  i n e f f e c t i v e  when added 
t o  b ina ry  a l l o y s  with V ,  C b ,  o r  Ta. The same t rends  a r e  observed i n  s imi l a r  
a l loys  with C.  Even without Y ,  the  a l loys  with Z r C  and HfC exh ib i t  weight-gain 
va lues  considerably below those with the o ther  four  carb ides .  Additions of Y 
i n  genera l  r e s u l t  i n  lower oxida t ion  r a t e s  i n  those compositions which contain 
ca rb ides  based on the  Group I V  A metals. The a l l o y s  with VC are an exception to  t h i s  
, 
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t r e n d ,  i n  t h a t  q u i t e  low weight gain values  a r e  obtained i n  the  presence of 
Y ,  p a r t i c u l a r l y  a t  t h e  higher nominal concentrat ion of 0.2 atomic percent.  
I t  should a l s o  be noted t h a t  t h e  a l l o y s  with carbides  based on Group I V  A 
metals have somewhat lower rates of ox ida t ion  a t  t h e  higher metal-to-carbon 
r a t i o ,  while t h e  r eve r se  appears t o  be t h e  case f o r  those with carb ides  Of 
V ,  Cb and Ta. 
Differences i n  low-temperature mechanical proper t ies  and i n  t h e  effects 
of oxidat ion on d u c t i l i t y ,  which a r e  summarized i n  Table 1 2 ,  a r e  a l s o  Pro- 
nounced. A l l o y s  with T i c ,  CbC and TaC have considerably higher  s t r eng ths  
and somewhat higher  DBTT values i n  t h e  r o l l e d  and annealed condi t ion .  
A i r  exposure a t  1500' and 2100'F r e s u l t s  i n  a sharp decrease i n  d u c t i l i t y ,  
p a r t i c u l a r l y  i n  t h e  case of t h e  CbC and TaC a l loys .  
con ta in  Z r C ,  HfC and VC a r e  d u c t i l e  near  o r  below room temperature and t h e  
former two types e x h i b i t  much b e t t e r  r e t e n t i o n  of d u c t i l i t y  a f t e r  a i r  ox- 
ida t ion .  
wi th  Z r  or Hf,  compared t o  g rea t e r  than 800'F i n  similar composiSions con- 
t a i n i n g  Cb or Ta.  
The compositions which 
DBTT values of ZOO' to 400'F were measured i n  oxidized Cr-Y-C a l l o y s  
Some of t h e  f a c t o r s  which a r e  involved i n  t h e  d i f f e rences  i n  both 
mechanical and oxidat ion behavior can be i l l u s t r a t e d  by t h e  photomicro- 
graphs i n  F igure  10. Carbides i n  t h e  a l l o y s  with Z r ,  which are t y p i c a l  
i n  t h i s  respect  of those with Hf, are r a t h e r  coarse  and widely spaced. This  
morphology r e s u l t s  from the  r e s t r i c t e d  s o l u b i l i t y  of Z r  and Hf i n  C r .  Car- 
b ides  a re  formed a s  g ra in  boundary networks during s o l i d i f i c a t i o n .  These 
in t e rg ranu la r  carb ides  a r e  fragmented du r ing  processing,  but are not  appreci-  
ably a l t e r e d  by heat  t reatment .  Such a coarse d i s t r i b u t i o n  does not  have 
a l a r g e  e f f e c t  on e i t h e r  s t r e n g t h  o r  d u c t i l i t y  i n  t h e  r o l l e d  and annealed 
condi t ion.  The p a r t i c l e s  a r e  a l s o  too  widely spaced t o  inf luence  reaction 
dur ing  air exposure. 
which i n t e r s e c t  t h e  su r face  appear t o  be a f f ec t ed  by oxida t ion  a t  1500 F. 
A t  t h e  higher oxida t ion  temperature,  t h e  l a r g e  carb ides  a c t  as s i n k s  for  
t h e  gaseous contaminants as shown i n  F igure  10B, and no su r face  or i n t e r -  
g ranular  n i t r i d e s  are formed. 
Note i n  Figure 1OA t h a t  anly those few p a r t i c l e s o  
Carbides i n  the  a l l o y s  with Cb o r  T a  add i t ions  a r e  present  i n  the  
form of f i n e ,  uniform dispers ions  which a r e  much more e f f e c t i v e  i n  inc reas ing  
t h e  s t r eng th  and r e s u l t  i n  somewhat lower d u c t i l i t y  i n  t h e  r o l l e d  and heat  
t r e a t e d  condi t ion. .  The f u r t h e r  l o s ses  i n  d u c t i l i t y  during intermediate-  
temperature i n  exposure are probably r e l a t e d  t o  add i t iona l  p r e c i p i t a t i o n  
of i n t e r s t i t i a l s ,  both from t h e  matrix and from inward d i f f u s i o n  of oxygen 
or  n i t rogen ,  and a r e s u l t a n t  i n t e r a c t i o n  with t h e  d i s l o c a t i o n  a:ray. 
though e s s e n t i a l l y  no subsurface hardening w a s  observed a t  1500 F i n  t h e  
Cr-Y a l loys  with Z r C  o r  HfC add i t ions ,  t hose  conta in ing  Cb o r  Ta were 
hardened by 25-50 DPH t o  depths  of 4 t o  6 m i l s .  Oxidation a t  t h e  higher  
temperature r e s u l t s  i n  acce lera ted  r e a c t i o n  of a l l o y s  with CbC o r  TaC d i s -  
pers ions.  The p a r t i c l e s  are c lose ly  enough spaced t h a t  they present  a 
semi-continuous oxidat ion f r o n t .  
contaminants, and both su r face  and i n t e r g r a n u l a r  n i t r i d e s  are formed a s  
AI- 
They are r a p i d l y  sa tu ra t ed  by t h e  gaseous 
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i l l u s t r a t e d  i n  Figure 10D. Even i n  the absence of C ,  addi t ions  of Cb and 
T a  appear t o  a t  least p a r t i a l l y  negate t h e  bene f i c i a l  e f f e c t s  of Y on ox- 
i d a t i o n  behavior ,  as ind ica ted  by t h e  weight ga in  d a t a  i n  Table 11. A s  
noted previously,  t h i s  is not t h e  case  with s o l u t e s  from Group I V  A. 
A l l o y s  with VC appear t o  have the  poor f e a t u r e s  of each type discussed 
A r e l a t i v e l y  f i n e  d i s -  above, without t h e  a t t r a c t i v e  proper t ies  of e i t h e r .  
pers ion is  formed during cooling from high temperatures ,  but t h e  thermal 
s t a b i l i t y  is q u i t e  l o w .  Rapid agglomeration occurs upon heat  t reatment  a t  
temperatures as low as 2000'F. 
V is good, t h e i r  s t r eng ths  are not g rea t ly  d i f f e r e n t  than those of a C r -  
Y b inary  and they are severe ly  embri t t led by oxidat ion a t  2100'F. S t ruc tu res  
of t h e  a l l o y s  with TIC are s imi l a r  t o  those  with CbC i n  t h a t  a f i n e  d i s -  
pers ion is  f o r a d .  Embrittlement due t o  oxida t ion  is not a s  g r e a t ,  however, 
s i n c e  T i  add i t ions ,  un l ike  those  of Group V A so lu tes ,  do not  i n t e r f e r e  
with t h e  e f f e c t s  of Y. 
Although t h e  d u c t i l i t y  of the  a l l o y s  with 
Based on t h i s  survey,  t h e  choice of a combination of Z r  and T i  as t h e  
s tandard" carb ide-s tab i l iz ing  addi t ion i n  the  i n i t i a l  phases of Task I 11 
appears to  be  j u s t i f i e d .  Superior s t r eng ths ,  however, can b e  a t t a i n e d  
wi th  Cb-rich o r  Ta-rich carb ides .  I t  is poss ib l e  that  embrit t lement of such 
a l l o y s  can be minimized by t h e  i d e n t i f i c a t i o n  of an element which provides 
more e f f e c t i v e  r e s i s t a n c e  t o  oxidation and n i t r i d a t i o n  than does Y. Resul t s  
of t h e  i n i t i a l  s tudy  of t h i s  f a c t o r  a r e  presented i n  t h e  fol lowing sec t ion .  
A l t e rna te  Ni t r ida t ion- Inhib i tors  In  Cr-4Mo Alloys 
I n  t h i s  group of a l loys ,  severa l  r e a c t i v e  metals were evaluated with 
r e spec t  t o  t h e i r  e f f e c t  on the  n i t r i d a t i o n  r e s i s t a n c e  of t h e  s tandard 
Cr-4Mo matrix.  Since they c lose ly  resemble Y ,  emphasis was placed on the  
l i g h t e r  rare e a r t h s  from t h e  lanthanide and a c t i n i d e  s e r i e s ,  including 
mischmetal which is a n a t u r a l l y  occurring mixture of t h e  l i g h t e r  elements 
i n  t h e  former series. Additons of Be from Group I1 A w e r e  also inves t iga ted .  
The a l l o y s  w e r e  prepared from hydrogen-reduced C r  f l a k e .  A master a l l o y  
of Cr-4Mo w a s  f i rs t  a r c  melted as  100-gram but tons which were crushed and 
blended. The reactive additions ~ e r s  the:: &ded a t  levels of 0.1 and 0.5 
atomic percent by a r c  melting and drop cas t ing  i n t o  1/2" diameter cy l inders .  
Oxidation tests were conducted i n  s t a t i c  a i r  at 1500°, 2100' and 2400'F. 
The weight change data a r e  recorded in Table 13. Comparison of t h e  t o t a l  
and n e t  weight change values g ives  a good ind ica t ion  of t he  oxide adherence. 
I n  add i t ion  t o  considerable  s p a l l i n g  a t  2400°F i n  m o s t  of t he  a l l o y s  with 
r e a c t i v e  s o l u t e  concentrat ions of 0.1 atomic percent ,  t he re  was also evidence 
of v o l a t i l e  r eac t ion  products ,  p a r t i c u l a r l y  is  the  Cr-Mo and Cr-Mo-Be a l loys .  
Th i s  behavior probably r e f l e c t s  formation of t h e  v o l a t i l e  oxide CrO, , a s  
has  been noted i n  a number of previous inves t iga t ions  a t  temperatures a s  l o w  
a s  2150°F. 
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A summary of metallographic observat ions and hardness measurements 
of t h e  oxidized specimens is presented i n  Table 14. No n i t r i d i n g  was 
de tec ted  a f t e r  1500'F exposure. In  genera l ,  t h e  a l loys which e x h i b i t  
a high degree of oxide adherence are a l s o  q u i t e  r e s i s t a n t  t o  n i t r i d a t i o n  
a t  the  higher temperatures. Additions of La and Pr  are more e f f e c t i v e  
than Y i n  improving t h e  a i r  oxidat ion r e s i s t a n c e  of t h e  Cr-4Mo base ,  
and additions of mischmetal are a t  least  equivalent .  Photomicrographs 
of representa t ive  specimens a r e  shown i n  Figures  11 and 12. The Cr-4Mo 
a l l o y  i s  ex tens ive ly  n i t r i d e d  a t  both 2100' and 2400'F. Addition of y 
a t  t h e  l eve l  of 0.1 atomic percent prevents t he  formation of continuous 
s u r f a c e  n i t r i d e  layers ,  but  a s  shown i n  11C and 11D, some in t e rg ranu la r  
n i t r i d a t i o n  and p r e c i p i t a t i o n  of n i t r i d e  needles  wi th in  t h e  g ra ins  i S  
s t i l l  observed at each temperature. Increas ing  t h e  Y content  t o  0.5 atomic 
percent r e s u l t s  i n  a f u r t h e r  increase  i n  n i t r i d a t i o n  r e s i s t ance .  I n t e r -  
g ranular  n i t r i d a t i o n  is v i r t u a l l y  e l iminated a t  2400'F b u t ,  a s  shown i n  
F igure  12A, t h e r e  a r e  some n i t r i d e  needles evident and i n c i p i e n t  mel t ing 
occurs  a t  th is  temperature. The same melting behavior was also noted a t  
t h i s  concentrat ion of Y i n  C r  a l l oys  with R e ,  Ru, and Co as i l l u s t r a t e d  
earlier in  F igure  8 .  The e u t e c t i c  temperature of such Cr-rich a l l o y s  
with Y i s  thus  below 2400'F and t h e  terminal  s o l u b i l i t y  of Y a t  t h e  
e u t e c t i c  is w e l l  below 0.5 atomic percent .  In  f a c t ,  t h e  c a s t  s t r u c t u r e  
of t h e  induction-melted Cr-W-Y a l l o y  i n  Figure 40 suggests  t h a t  t h e  
e u t e c t i c  s o l u b i l i t y  may be below 0.2 atomic percent.  
S t ruc tures  of t h e  a l l o y s  with t h e  t h r e e  m o s t  e f f e c t i v e  r a re -ea r th  
s o l u t e s  are  shown i n  F igures  12B through 12D. The al loy with t h e  higher 
concentrat ion of mischmetal, which c o n s i s t s  of 50% C e  p lus  approximately 
25% La, 15% Nd and 10% Pr  by weight,  e x h i b i t s  very s l i g h t  i n t e rg ranu la r  
a t t ack .  Additions of 0.5 atomic percent lanthanum o r  praseodymium t o  
t h e  Cr-4Mo a l l o y  completely prevent n i t r i d a t i o n  i n  24-hour a i r  exposure 
a t  2400°F. Some minor agglomeration of t h e  second phase,  which is  Pre-  
sumed t o  be r i c h  i n  the  r a r e  e a r t h  metal ,  i s . obse rved  i n  t h e  a l l o y s  with 
Pr  and mischmetal add i t ions ,  but t he  Cr-Mo-La a l l o y  is v i r t u a l l y  un- 
changed from t h e  as-cast  condi t ion.  No evidence of i n c i p i e n t  mel t ing 
a t  2400'F was detec ted  i n  any of t h e  t h r e e  a l loys .  
Since Y addi t ions  appear to  be l i m i t e d  t o  about 0.2 atomic percent 
o r  below hy eutectic mel t ing ,  more complex carbide-containing a l l o y s  
a r e  being prepared with La and Pr r ep lac ing  Y as t h e  n i t r i d a t i o n - i n h i b i t o r .  
CONCLUSIONS 
1. Revisions i n  induct ion melt ing and c a s t i n g  techniques have con- 
s i s t e n t l y  yielded ingots  with t o t a l  oxygen plus  n i t rogen  conten ts  below 
150 ppm. 
of al loys was a bake-out treatment of t h e  c r u c i b l e  and charge a t  1200'- 
1400'F under vacuua of lo-* t o  
The major f a c t o r  i n  t h e  oxygen contamination of the  i n i t i a l  group 
t o r r .  
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2. Cold workabi l i ty  can be a t ta ined  i n  single-phase Cr -Re-Co  and 
Cr-Ru-Co a l loys .  Although intermediate-temperature aging r e s u l t s  i n  
sigma phase formation i n  many such a l l o y s ,  the  r e s u l t s  have ind ica ted  
promising compositional a reas  f o r  f u r t h e r  study. 
3. The a i r  oxida t ion  r e s i s t a n c e  of Cr-Y a l loys  with r e l a t i v e l y  
small concentrat ions of R e  is  super ior  t o  t h a t  of s i m i l a r  a l l o y s  with 
e i t h e r  Ru or Co. 
4. Di lu te  Cr-Y a l l o y s  with ZrC and HfC d ispers ions  are d u c t i l e  i n  
bending a t  room temperature and a re  more r e s i s t a n t  t o  embrit t lement by 
a i r  oxida t ion  than a l l o y s  containing carbides  of V ,  T i ,  Cb o r  Ta. Car- 
b ides  formed by t h e  l a t te r  t h r e e  e l e m e n t s ,  however, are much more f i n e l y  
d i spe r sed  and warrant f u r t h e r  considerat ion.  
5. Additions of 0.5 atomic percent La or  Pr a r e  much more e f f e c t i v e  
than an equivalent  l e v e l  of Y i n  preventing n i t r i d a t i o n  of a Cr-4Mo base 
i n  a i r  oxidat ion a t  2400°F, and do not  appear t o  r e s u l t  i n  i n c i p i e n t  
mel t ing as does Y a t  t h i s  concentrat ion.  . 
Materials Development Laboratory 
General E l e c t r i c  Company 
Evendale, Ohio, October 25, 1965 
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TABLE 2 COMPOSITIONS OF CHROMIUM ALLOYS 
PHASE A - TASK I 
a Designation Composition (Atomic %) 
CI-1 
CI-2 
CI-3 
CI-4 
CI-5 
CI-6 
CI-7 
CI-8 
CI-9 
CI-10 
CI-11 
CI-12 
CI-13 
CI-14 
CI-15 
CI-16 
CI-17 
CI-18 
c 1-19 
CI-20 
CI-21 
CI-22 
CI-23 
CI-24 
CI-25 
CI-26 
CI-27 
CI-28 
C 1-29 
CI-30 
CI-31 
CI-32 
CI-33 
CI-34 
CI-35 
CI-36 
CI-37 
CI-38 
CI-39 
CA-1 
CA -2 
Cr-. 1Y 
Cr-. 2Y 
Cr-. 1Y- .05Hf - .03Th 
Cr -4Mo-, 1Y 
Cr-6Mo-. 1Y 
Cr -8Mo-. 1Y 
Cr-4W-. 1Y 
Cr-6W-. 1Y 
Cr-4Mo-2W-. 1Y 
Cr-GMo-2W-. 1Y 
Cr-4V-. 1Y 
Cr-1OV-. 1Y 
Cr-20V-. 1Y 
Cr-lOV-4Mo-. 1Y 
Cr-lOV-4W-. 1Y 
Cr-Me-. 1Y 
Cr-4Co-. 1Y 
Cr-8Co-. 1Y 
Cr - .05Y-. 4Zr - .2Ti -. 4C 
Cr-. 1Y-.4Zr-.2Ti-.4C 
Cr- .05Y-. 3Hf - .3Zr- .4C 
Cr - ,05Y -.4Zr-. 2Ti - .4B 
Cr - .05Y - .3Hf - .3Zr - .4B 
Cr-. 05Y-. 4Ta-. 2Zr-. 4B 
Cr -4Mo - .05Y-. 4Zr - .2Ti 
Cr -4Mo-. 1Y- .4Zr-. 2Ti 
Cr-4Mo-.lY-.3Hf -.3Zr 
Cr-Uo-. 1Y-.05Hf -.03Th 
C ~ - ~ M O - . O ~ Y - . ~ Z ~ - . Z T ~ - . ~ C  
Cr-4Mo-. lY-.4Zr-.2Ti-.4C 
Cr -4Mo - . 0 5Y - .5Zr - .2 5Ti - .4C 
Cr-4Mo-.05Y-.3Zr-.15Ti-.4C 
Cr -4Mo-. 05Y-. 6Ti - .4C 
Cr -4Mo - .05Y - .6Zr - .4C 
Cr-4Mo-. 05Y-. 6Hf - .4C 
Cr-4Mo-. 05Y-. 6Cb-.4C 
C r -4Mo - . 0 5Y - ,3Hf - .3Z r - .4C 
Cr -4Mo - .05Y - .6Zr - .3Ti - .6C 
Cr-6Mo-. 05Y-. 2Zr-. 1Ti-. 2C 
Unalloyed Cr 
Cr-35Re 
a CI - Cast, Induction Melted 
CA - Cast, Arc Melted 
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TABLE 6 
IMPURITY ANALYSIS OF REPRESENTATIVE PHASE A ALLOYS 
Alloy 
CI -1 
CI-2 
CI-4 
CI -6 
CI-7 
CI-9 
CI-11 
CI-19 
c 1-20 
CI-21 
CI-25 
Interstitial Content (ppm) a 
H - C - N - 0 - Nominal Composition (At. %) 
Cr-. 1Y 
Cr-. 2Y 
Cr-No-. 1Y 
Cr-8Mo-. 1Y 
Cr-4W-. 1Y 
Cr-4Mo-2W-. 1Y 
Cr-4V-. 1Y 
Cr-.05Y-.4Zr-.2Ti-.& 
Cr-.lY-.4Zr-.2Ti-.4C 
Cr--O5Y-.3Hf-.3Zr-.4C 
Cr-4Mo- ., 05Y-. 4Zr - .2Ti 
3090 
2420 
2210 
2020 
2160 
1630 
2490 
910 
710 
820 
1830 
78 
98 
59 
50 
61 
71 
76 
56 
68 
56 
64 
90 
45 
70 
75 
35 
30 
70 
750 
750 
600 
40 
3 
12 
11 
6 
a Residual yttrium level of each alloy less than 
.06% by weight (the limit of detection by quanti- 
tative x-ray emission) 
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TABLE 9 
co 
5.6 
11.5 
5.2 
10.5 
17.2 
23.1 
9.7 
14.5 
4.8 
4.5 
9.5 
COMF'OSITIONS AND METALLOGRAPHIC OBSERVATIONS 
IN CR-RE-CO AND CR-RU-CO ALLOYS 
Metallographic Observations Aged 100 Hrs. at 1650'F 
Composition (At. %) Microhardness 
Re, Ru Structure DPH, 1Kg Load 
10.9 Re 
11.0 Re 
6.7 Re 
6.7 Re 
11.0 Re 
11.1 Re 
8.5 Ru 
8.5 Ru 
8.4 Ru 
5.5 Ru 
5.5 Ru 
Single Phase 
Slight Fpt. 
Single Phase 
Slight Ppt. 
Approx. 50% sigma 
Approx. 80% sigma 
Approx. 10% sigma 
Approx. 40% sigma 
Single Phase 
Single Phase 
Slight Ppt. 
462 
59 1 
4 43 
584 
804 
9 57 
50 4 
674 
434 
426 
514 
30 
Nominal 
Composition (At. %) 
4Re, 0.1Y 
4Re, 0.5Y 
8 R e ,  0.1Y 
8 R e ,  0.5Y 
4Ru, 0.1Y 
4Ru, 0.5Y 
4c0, 0.1Y 
4C0, 0.5Y 
TABLE 10 
OXIDATION DATA FROM CR-Y ALLOYS 
WITH RE,  RU AND CO ADDITIONS 
W t .  Change Data ( m e / c m  2 a  ) 
_ _ _ _  F,  100 H r s .  2400"F, 24 H r s .  
1500°F, 100 Hrs. - Total  
0.84 3.63 
0.87 3.87 
1.61 6.22 
0.76 0.87 
0.60 4.02 
1.15 4.97 
0.65 1.17 
1.07 5.28 
N e t  Total  -
3.59 
3.83 
6.06 
0.79 
3.26 
4.73 
-3.56 
4.75 
4.3 
2.05 
11.1 
1 . 2  
2.17 
6.67 
0.84 
8.15 
N e t  -
3.8 
1.63 
9.8 
0.53 
-14.5 
1.21 
-15.0 
2.2 
a N e t  weight change denotes the  t o t a l  weight gain 
less t h e  weight of the loose oxide. 
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TABLE 11 
EFFECTS OF SOLUTES FROM GROUPS I V  A AND V A 
ON THE A I R  OXIDATION OF CR-Y-C ALLOYS 
Nominal Composition 
(At. %) 
Cr- .  5M 
Cr-.5M-.lY 
Cr-.5M-.2Y 
C r  - .5M-. 4C 
Cr - .  5M-. 4C-. 1 Y  
C r  -. 5M-. 4C-. 2Y 
Cr-IM-. 4C 
Cr-1M-. 4C-. 1 Y  
Cr-1M-. 4C-. 2Y 
100 -Hour Weight Gain 
Hf - Z r  
18.9 13.3 16.1 
2.7 1.4 2.8 
2.3 2.5 1.9 
14.2 4.6 8.2 
4.6 3.0 5.7 
4.8 2.9 4.0 
11.9 3.7 6.6 
2.5 3.0 2.3 
2.3 2.2 3.4 
-Y = T i  -
(mg/cm2) a t  2100°Fa 
Ta -Cb -V 
- 22.3 19.3 
12.8 12.2 14.2 
13.1 11.3 11.4 
- 20.8 17.8 
3.0 18.1 12.9 
1.8 10.0 13.3 
- 
10 .2  33.1 - 
8 .4  24.5 13.9 
2.3 12.5 - 
a 
The 100-hour weight ga ins  of unalloyed C r  and 
C r - . l Y  :re 12.7 and 2.0 mg/cm2, r e s p e c t i v e l y ,  
a t  2100 F. 
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Figure 1. Stress-Rupture Properties of Wrought, Carbide-Strengthened 
Chromium A l l o y s .  (Compositions i n  Weight Percent )  
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Figure 2 Stress-Rupture Properties of Wrought Chromium A l l o y s  
Tested in Helium Atmosphere. (Compositions in Weight Percent)  
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Figure  3 Tensile P r o p e r t i e s  of Chromium Alloy C-207F 
L2955 2 50X L3781 looox 
A. Alloy CI-6 (.202% 92 ) <.06% Y) B. Alloy CI-5% (.0522% 92 ) <.06% Y) 
L3784 looox L3780 looox 
Figure 4. Cast structures of induction-melted Cr alloys at 
indicated oxygen and yttrium levels (weight %). 
Etched 10% oxalic acid. 
Figure 5. Cold,workability of drop cast Cr-Re-Co alloys with 
compositions shown in atomic %. Tentative phase 
boundary at 1650°F. 
Figure  6. C o l d  workabi l i ty  of drop cast Cr-Ru-Co 
a l l o y s  with compositions shown i n  atomic 
%. Ten ta t ive  phase boundary a t  1650’F. 
5794 2 50X 
A .  Cr-11Re-17.2Co a l l o y .  Approx. 50% sigma 
5795 2 5 0 X  
B. Cr-11Re-23.1Co a l l o y .  Approx. 80% sigma 
Figure 7. E f f e c t  of 100-hour aging a t  1650'F on t h e  
s t r u c t u r e  of Cr-Re-Co a l l o y s  a t  i nd ica t ed  
atomic concen t r a t ion .  Etched 10% o x a l i c  
ac id .  
6377 1 oox 
A .  C r - & e - . l Y ,  100 hours a t  2100°F 
6378 l O O X  
B. C r - & e - . l Y ,  24 hours a t  2400'F 
6379 1 oox 
C .  Cr-&e-.5Y, 100 hours a t  2100°F 
6380 lOOX 
D. Cr-4Re-.5Y, 24 hours a t  2400°F 
Figure 8 .  A i r  oxidation e f f e c t s  on Cr-Re-Y a l l o y s  a t  
indicated atomic concentrations.  Etched 
10% o x a l i c  acid.  
6381 lOOX 
A .  Cr-8Re-.5Y, 100 hours a t  2100'F 
6382 1 oox 
B. Cr-8Re-.5Y, 24 hours a t  2400'F 
6383 1 oox 
C .  Cr-4Ru-.5Y, 24 hours a t  2400'F 
6384 1 oox 
D. Cr-4Co-.5Y, 24 hours a t  2400'F 
Figure 9 .  Air oxidation of Cr-.5y a l l o y s  with Re, RU and CO 
additions ( a l l  atomic %). Etched 10% o x a l i c  ac id .  
3871 1 ooox 
A .  C r - l Z r - . 4 C - . l Y  a t  1500°F 
2 546 looox 
C .  C r - l C b . 4 C - . l Y  a t  1500°F 
3698 1 ooox 
B. C r - 1 Z r - . 4 ~ - . 1 ~  a t  2 1 0 0 ~ ~  
3838 looox 
D. C r - l C b - . 4 C - . l Y  a t  2100°F 
Figure 10. D i l u t e  Cr-Y a l l o y s  con ta in ing  Z r C  and CbC d i s p e r s i o n s  
a f t e r  100-hour a i r  ox ida t ion  a t  indicated temperatures .  
N o m i n a l  c o m p o s i t i o n s  i n  atomic %. E t c h e d  i n  K r o m i c  acid.  
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6369 l O O X  
D. Cr-4Mo-.lY, 24 hours  a t  2400'F 
Figure 11. E f f e c t s  of 0 .1  Y a d d i t i o n  on t h e  a i r  ox ida t ion  
of Cr-4Mo. Etched 10% o x a l i c  ac id .  
. 
6371 
A .  Cr-4Mo-. 5 Y  
1 oox 6373 lOOX 
B . Cr-Mo-. 5La 
6375 1 oox 
C.  Cr-4Mo-. 5Pr 
Figure 12. Cr-,4Mo a l loys  
6376 1 oox 
D.  Cr-4Mo-. 5 Mischmetal 
with 0 .5  atomic % addi t ions  of Y ,  
La,  Pr and Mischmetal a f t e r  24-hour a i r  oxidat ion 
a t  2400'F. Etched 10% oxa l i c  ac id .  
